A new dust observation site was built in Tsogt-Ovoo, which is located in the northern Gobi Desert in Mongolia, to clarify wind erosion processes. Ten dust events were detected from March 24 to May 4, 2012. Strong winds (greater than 20 m s −1 at an altitude of 3 m) blew predominantly from the west. Clear relationships among wind speed, saltation and particulate matter concentrations less than 10 μm (PM 10 ) were detected. A transition in the wind speed threshold for saltation was observed at Julian day (JD) 111 (April 20); before JD 111, the threshold was 14.0 m s −1 , but it decreased to 8.8 m s −1 after JD 111. We discuss the reason for this threshold discontinuity, focusing on the ground surface conditions. It is hypothesized that this discontinuity is caused by the destruction of the surface soil aggregation.
Introduction
Mineral dusts emitted from natural ground surfaces influence the atmospheric environment, global climate, human health, livestock, and social activity regionally with regard to domestic issues, but also to global issues. The amount and frequency with which dust is emitted into the atmosphere are highly important. However, the number of field observations is limited, and many uncertainties such as the size-resolved dust emission and the effect of ground surface conditions remain (Shao 2008) .
Mongolia is a part of a large source area of Asian dust (KOSA) that also includes other important areas such as Inner Mongolia, northern China, and the Hexi Corridor (Kurosaki et al. 2011) . Recently, Shinoda et al. (2010; launched the DUVEX (Dust-Vegetation Interaction Experiment) project to measure the dust emission from vegetated steppes in this region of Asia. Kimura and Shinoda (2009) observed that in their study area threshold friction velocity increased with increasing vegetation cover. In general, plants grow from May to August in the Mongolian grasslands (Shinoda et al. 2007 ). Dust storms frequently occur from March to May, peaking in April in central Mongolia (Natsagdorj et al. 2003; Kurosaki and Mikami 2005) . The value of the wind speed threshold changes seasonally and is lowest in the spring in steppe areas, whereas no such change is observed in the neighboring Gobi Desert (Kurosaki and Mikami 2007) . Identifying the characteristics of ground surface conditions that give rise to these two responses is important for clarifying mechanism that influence wind erosion in arid and semi-arid environments.
The purpose of this study was: (1) to observe saltation and dust emission under natural wind and ground conditions, (2) to understand the characteristics of dust events in the northern Gobi Desert in Mongolia, and (3) to investigate the effect of ground surface conditions on threshold wind speed.
Observations

Site description
Dust concentration measurements were taken near the town of Tsogt-Ovoo in the northern Gobi Desert, Mongolia (44°23′04.3″N, 105°16′59.7″E) (Fig. 1 ). The observations began on March 24, 2012. There is a small gentle valley on the south side of TsogtOvoo that runs approximately northwest to east. The observation site is located near the middle of the valley on the northern slope approximately 5.3 km from the southern end of Tsogt-Ovoo. The slope inclination ratio is approximately 7 to 1000. There were traces of wadi on the slope from the top of the valley to the center of the valley bottom. River terraces were formed on the western side of the valley (site R). In the valley bottom (site B), there were hard, tortoise shell-shape crusts whose diameter was about 5 cm.
The observation site is open in all directions (fetch > 100 m) (see video in Supplement 1), and the undulation of the land due to the wadis is small. The site is trapezoidally shaped (40 m on the long side, 20 m on the short side, and 28 m in height). The long side faces west-northwest, which corresponds to the direction of strong winds based on data from the Tsogt-Ovoo meteorological observatory (44°25′23.1″N, 105°19′05.4″E). The observatory is maintained by the Institute of Meteorology, Hydrology and Environ ment and is located at the southern end of the town. The site was fenced with steel poles and barbed wire since March 19, 2012, to keep herders and animals out. The vegetation conditions inside the fence were the same as those outside.
The annual precipitation at the Tsogt-Ovoo meteorological observatory was 98.7 mm in 2010, concentrated in the summer (May-September, 82.5 mm), and 62.5 mm in 2011, concentrated in the summer (May-September, 49.3 mm). The amount of precipit ation from January to April in 2012 was 2.1 mm, and the winter and spring seasons were dry. The annual mean temperature was 3.8°C in 2011 with a maximum temperature of 37.1°C in August and a minimum temperature of −31.3°C in January. , and M. Shinoda vegetation cover was less than 5%. This situation indicated that the vegetation around the site was sparse compared to the start of saltation, even in the summer in the year of 2011. Looking at the leaf of plants, the bitten results by sheep and camels were not observed. This means the influence of grazing is not strong. On May 4-9, 2012, the vegetation at the site was still sparse, and the vegetation cover was the same as that on July, 2011.
Does Ground
The reason for the low vegetation cover is assumed to be a loss of soil moisture due to its infiltration and losses of soil and nutrients due to heavy rain in the valley slope. Such strong erodibility of the ground results in the low vegetation cover. The
Dust and meteorological observations
Particulate matter concentrations of less than 10 μm (PM 10 ) were measured using an optical particle counter (DustTrak TM DRX 8533T, TSI Inc., Shoreview, MN, USA). Saltation was measured by a sand pulse counter (SENSIT® H11-LIN, Sensit company, Portland, ND, USA). Wind speed and wind direction were measured by a propeller anemometer (YG-5103, R.M. Young, Traverse City, MI, USA). The dust concentration was measured only when the wind speed was greater than 8 m s −1 at a height of 3 m. Air temperature, humidity (HMP-155D-10, Vaisala Corp., Helsinki, Finland), and air pressure (PTB210, Vaisala Corp., Helsinki, Finland) were also observed. The heights at which saltation, dust concentration, air temperature/humidity, and wind speed/direction were observed were 0.059, 1.42, 1.98, and 3.00 m from the ground surface, respectively. These data were instantaneously measured at every 0.1 s for saltation and wind speed, 1 s for PM 10 and wind direction, and 5 s for air temperature, humidity and pressure, and the values averaged over 1-min intervals recorded to the data loggers (CR1000-XT, Campbell Scientific Inc., North Logan, UT, USA).
In addition, soil moisture, soil temperature, precipitation, shortwave and longwave radiation, visibility, CO 2 /H 2 O, and high frequency sonic wind speed and temperature were observed. All of the instruments used for these observations were powered by batteries charged by solar panels.
Ground surface soil
The soil moisture content was estimated using an oven drying method. The gravimetric soil moisture (g H 2 O/g soil), w, at a depth of 0-0.5 cm at the observation site was 0.005 g g −1 on September 22, 2011, 0.007 ± 0.001 g g −1 (average and standard deviation) on March 21, 2012, 0.009 ± 0.001 g g −1 on May 5, 2012, and 0.010 g g −1 on May 8, 2012 (Table 1) . These results indicate that the ground surface had dried out in the spring of 2012. At lower depths (2.5-30 cm), w was 0.023-0.033 g g −1 on March 21 and 0.019-0.040 g g −1 on May 8, 2012, and such situation indicated the land was dry at the lower depths.
The soil texture was sandy loam (Table 2) . At the observation site (5.3 km point), the soil contained 77% sand, 12% silt, and 11% clay. Gravels larger than 2 mm constituted 29% of the soil, and fine material less than 2 mm in size constituted 71% of the soil. Gravel was common on the ground surface (Fig. 2) .
At 10 km from the Tsogt-Ovoo (at the valley bottom, site B), there was less gravel (4%) and larger amounts of silt (18%) and clay (14%). Hard crusts, such as the tortoiseshell-patterned crust, were observed. These measurements of soil textures and the presence of the crust indicate that this area had been covered by water from heavy rains that also formed the wadis on the valley slope. As the latest information, the water accumulated in the valley bottom due to precipitation in the last of July and the water depth was about a few ten cm on July 31, 2012.
Vegetation
On July 6, 2011 we observed the vegetation because it was one of parameter for saltation threshold and was related to roughness height of ground surface. The vegetation communities are common in the Gobi Desert, which was classified as desert-steppe and had specific characteristics that were suited to the climatic conditions (especially soil moisture), and able to withstand extreme dryness. Details of vegetation type and photograph are shown in Supplement 2. At the observation site (5.3 km), the Table 2 . Soil texture near the Tsogt-Ovoo dust observation site (3.3 (site M in Fig. 1 valley topography has effects on the vegetation by changes in soil salinity and the erodibility of the ground.
Results
Wind characteristics
The direction of strong winds was from west to northeast during the spring of 2012 (Fig. 3) . The primary strong winds, which exhibited speeds greater than 20 m s −1 , blew from the west. Because the valley is longest along its northwest-to-east axis, the strong westerly winds are possibly affected by the topographic steering. The secondary strong winds blew from the north-northeast. Strong winds, greater than 10 m s −1 , were not recorded for the directional range northeast to south.
Dust events
A total of ten dust events were detected from March 24 to May 4, 2012 (Fig. 4) . In this study, we define a dust event as a period when the PM 10 at 1.42 m is greater than 0.5 mg m −3 or when the wind speed is greater than 15 m s −1 at 3 m. The strong winds correspond well with the peak in PM10. During this period, the soil moisture was low (less than 0.01 g g −1 at the ground surface), and the vegetation cover was low (less than 5%) compared to the start of saltation. Such ground surface conditions enhance the erodibility of the ground. The strongest dust event (T12_06) occurred on Julian Day (JD) 113 (April 22). The maximum wind speed was 21.15 m s −1 at 05:55 UT (wind direction 262°). Wind speeds greater than 15 m s −1 occurred ten times. Observations of the temporal variation in the virtual potential temperature showed that the strong winds blew when the virtual potential temperature decreased (Fig. 4) . This suggests that the strong winds were generated when cold fronts passed through the site. After the front passed, the air and soil surface temperatures largely decreased.
We found that the relationship between wind speed and PM 10 changed after JD 111 (April 20). For example, the PM 10 for the event T12_06 was larger than of T12_03, yet these events had almost the same wind speeds (Fig. 4) . Figure 5a depicts the relationship between wind speed and saltation kinetic energy as measured with the sand pulse counter. The kinetic energy output is pseudo mass flux calibrated by a field sand catcher (Sensit company 2009). Before JD 111 saltation was observed to begin when wind speed exceeded 14.0 m s −1 (= threshold wind speed, u t ). However after JD 111, saltation began when the wind speed was 8.8 m s . The u t , which characterizes the erodibility of the ground, decreased from 14.0 to 8.8 m s −1 after JD 111. The u t was evaluated using the data of 1-min averaged wind speed and saltation kinetic energy by an objective method (Ishizuka et al. 2009 ). Based on saltation observations in the Taklimakan Desert , the u t measured at a height of 3.8 m was determined to be 7.5 m s −1 under dry conditions (volumetric soil moisture was 0.002 m 3 m −3 at a depth of 0-1 cm). Although the wind observation height is not the same, the u t at this site was larger than that observed in the Taklimakan Desert.
This transition was clearly observed even for the PM 10 (Fig.  5b) . Before JD 111, the PM 10 started to increase when the wind speed was > 14.0 m s . Comparing the PM 10 at the same wind speed before and after JD 111, the PM 10 after JD 111 was greater than the PM 10 before JD 111: for example, the event T12_06 versus T12_03. This occurs because u t was lower after JD 111 and the saltation was stronger (Fig. 5a ).
Discussion
Aggregation and crust sheet
The initiation of saltation and dust emission is strongly affected by various ground surface conditions. At this site, the soil moisture and vegetation cover were low and did not change from March 19 to May 9, 2012, namely these low values does not affect u t . To understand the transition of u t that occurred after JD 111, other effects should be considered. Figure 2 shows surface photographs taken at the observation site in March and May 2012. On March 20, 2012, the ground surface was crusted (Fig. 2a) , and sand and dust particles were aggregated. The aggregated structure was not strong but could be picked up in a sheet-like crust by hand. The thickness of the crust sheet was less than 5 mm. Sand and gravel particles were bound to the crust sheet or to each other. The thin crusts were found only on the ground surface and not under the ground. We observed the aggregation and crust sheets were formed in the previous July and September. This situation is not the same as the dried rain-droplet crust formed after periods of low precipitation (Ishizuka et al. 2008 ). On May 4, 2012, the surface crust sheets were covered by non-aggregated sand particles (Fig. 2b) , and they were movable by weaker winds. Below this erodible soil layer, there were crust sheets. The details of this situation can be observed by an artificial experiment at the observation site on May 9, 2012 (see video in Supplement 3).
Hypothesis
We hypothesize that the reason the u t transitions to a smaller value after JD 111 might be due to the change in the ground surface soil aggregation. Based on our field observations, sand particles bonded to the crust sheet and movable sands were not available on the ground surface on March 20, 2012. On May 4, 2012, there were non-aggregate sand particles on the crust sheets, which can easily move, cause u t to become smaller, and enable larger amounts of dust to be generated.
The weak point of our hypothesis is that there is no evidence that would explain why the ground surface conditions changed after JD 111. However, we assume the following processes occur. In the spring, the air temperature and the dew point increase. The number of snow events decreases. As a result, moisture would not be available as a source of binding material for the particle-to-particle aggregation. Wind speed also becomes stronger in early spring, and saltation is possible partially in some areas. The airborne sand particles fall downward, hit the ground surface and gradually destroy the crust structures. The greater the increase in movable sand particles is, the more saltation is enhanced. Finally, the increase in air temperature enhances the expansion and shrinkage of the aggregation and the particle-to-particle binding, which weakens the aggregation and the crust is gradually destroyed. In the future, we should qualitatively test the strength of the crusts to elucidate the processes that destroy the crust.
Concluding remarks
Dust was observed in the northern part of the Gobi Desert, Tsogt-Ovoo, Mongolia in the spring of 2012. From March 24 to May 4, a total of ten dust events were detected. The soil texture in the region is a sandy loam, and there were gravels on the ground surface. Compared to the start of saltation, the ground was dry, measuring less than 0.01 g g −1 at a depth of 0-0.5 cm, and the vegetation was sparse with less than 5% cover. The relationships among wind speed, saltation and dust concentration (PM 10 ) were clearly observed. Strong winds, greater than 20 m s −1 at 3 m, predominantly blew from the west.
During this period, there was a change in the saltation threshold wind speed, u t , after JD 111; that is, the values of u t at 3 m were 14.0 m s −1 before JD 111, but decreased to 8.8 m s −1 after JD 111. Because no changes in soil moisture and vegetation were observed between March and May 2012, we assume that the difference in the formation of the crust on the ground surface affected the transition of u t . However, quantitative data supporting this assumption were not obtained, but the destruction of the soil aggregation would cause a decrease in u t , based on field observations. Further observations are necessary to clarify the in situ crust and/or soil aggregation destructions in spring and its effect on wind erosion.
Supplementary Captions
Supplement 1 is a video showing a 360° view from the TsogtOvoo dust observation site on May 8, 2012. The scene starts in the west and moves clockwise.
Supplement 2 is photographs of the vegetation type at 1 km (site V, near the southern end of the town) from the Tsogt-Ovoo, 5.3 km (observation site), and 10 km (site B, at the bottom of the valley) observed on July 6, 2011: (a) At 1 km, a community was dominated by the species of Anabasis brevifolia and Allium polyrhizum. The vegetation cover was approximately 10-15%, (b) At 5.3 km, Reaumuria soongolica and Salsola passerine were the dominant species, and the vegetation cover was less than 5%, and (c) At 10 km, Nitraria sibirica and Kalidium cuspidatum were the dominant species. The vegetation cover of the Nitraria sibirica community was less than 5%, and that of the K. cuspidatum community was 10-15%. K. cuspidatum at the bottom of the valley is strongly resistant to salinity. At 1 and 5.3 km, old stumps of A. polyhizum were observed on the ground. The shrubs identified, such as A. brevifolia and K. cuspidatum are suited to the arid environment. The vegetation at observation site (5.3 km) integrates the mean characteristics of the vegetation between 1 and 10 km.
Supplement 3 is a ground surface video from the Tsogt-Ovoo dust observation site on May 9, 2012. This is an artificial experiment. First, the non-aggregated sand particles were blown off by breath, and the crust sheets subsequently appeared. Second, the crust sheets were destroyed by hand with a wooden stick. Finally, the non-aggregated soils appeared below the crust sheets. The photograph shown in Fig. 2b was taken at the same place mentioned above. 
